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Abstract

The possible response of the atmosphere, as simula-
ted by the two-level Mintz-Arakawa global general circulation
‘ modei, to a transient (one month) North Pacific sea surface
temperature (SST) anomaly is investigated in terms of the
energetics both in the spatial and wave-number domains, In
the first month, the increased heating, evaporation and con-
densation over the local anbmaly region appear to cause an
increase in the dlabatic generation of eddy asvallable potential
energy in northern middle latitudes, and the increased tem-
perature gradient, especially on the northern side of the
warm pool, was found to increase the eddy conversion of the
‘intermediate scales in northern middle latitudes. In the
second month, on the other hand, the removal of the snomalcus
SST pattern appears to cause a reduction in eddy activity in
northern middle latitudes, with the reduction taking place
at 2ll wave numbers. A large respounse to the transient North
Pacific warm pool was also found in the southern middle
latitudes during the second and third months, In general, the
results indicate that the translent 55T variations of reasonable
magnitude in the North Pacific Ocean can induce &a disturbing
effect on the glebal energetics both in the spatial and waven
nunber domairs.

| The &bility of the two-level Niﬁtz—Arakawa nocel Lo
simuiate the cbmospheric ensrgetics is also examined in thils

study, Excepnt in the tropics, the two-1lsvel Nintzoirokawa nodel

vii



.

exhibits a reasonable and realistic energy budget., One najor
defect of the model simulation is caused by the parameteriza-
tion of convection, which produces too much convective precl-
pitation in the tropics. The excessive convective precipltation
in turn affects all the atmospheric energy transformation pro-

cesses in the tropics.
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1. Introduction

*he prediction of weather anomalies and climatlc
fluctuations is a basic goal of meteérology. Several hypotheses
have been proposed to account for anomalous weather end clinmate,
FPor example, 1rregular variations of solar activity, variations
in the ﬁroportion of atmospheric carbon dioxide, variations
in the stmospheric turbldity resulting from intense volcanic
eruptions, and abnormal surface boundary conditions such as
sea lce, snow cover and seé gurface tempzrature have all been
proposed ag important factors in weather and climatic varie-
tions, Some possible effects of sea surface temperature
anomalies in the Pacific Ocean on the subsequent weather
pabternms wrafe particn‘! arly stndied by Namias {_963;1'969;19?1),
Bjerknes (1966,1969) has also irivestigated the pcseible remote
effects of anomalous sea surface temperature in the equat@rial
Pacific.

Recently, several computationally statle general
circulation mcdels have been developed (s.g., Mintz, 1G65;
Smagorinsky et &l., 1965; Leith, 1967; Kesahara and wWashington,
1967; Holloway and liansbe, 1971). These models provide the
rools not only for lesrning the pasic mechanicms of the gerieral
circulation'and ¢linatology of the atmosphere, but also for
studying the possitle rssponies of the atuosphere ta various
faclors which may induce variations in westher and climate.
Some experiments concerning the effects of gea sur{eace tem-

perature (357) anonalies were carried oui by Spar (1973,a,t,¢)
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with the two-level Mintz-Arakawa global general circulation
model (Gates et al.,, 1971). Certain hypothetlical anomalous
patterns were superimposed on the Pacific SST fileld in those
experiments. The imposed anomaly patterns persist elther over
a season or over one month, The responses of the medel atmo-
sphere to SST anonalies were discussed in terms of the mcnthly
mean sea level pressure patterns aend certein regional indlces,
The results showed that both transient and persistent SST
anomalies produced slgnificant ré%onses in the hemisphere of
the anomaly as well as in the opposite hemisphere,

X The energetics of the atmospheée have bheen invesfi-
gated Intenslively durlng the past few years. The‘purposa of
studying the atmospheric enefgy budget is- to revesl the basic
mechenisms for maintaining the large-scale asimespheric ecircu-
lation system. The basic nature ¢f the atmospherice energe%ics
may be changed due to climatic variastlions. For example,
diagnostic studies of ths kinetic energy exchange between
zonal flow and lerge-scale eddies for the troposphere nceth
of 20°N indicatc the exf}ence of an uvnusual type of circuiation
in Jenuary 1963 (Viin-llielsen, Brown and Drake, 1964; Muralkani
~end Tomatsu, 1965; Brown, 1967). Studies for that monih indi.
cate thzat Kinetic ensipy waz traensformed frooa zcenal to eddy
form during this winter parioed, wheress thie cxchange mechanism
ts ususlly in the opposite direction {e.g., Cort, 19c4; Saltzman,
1¢70). According to Nasicu (1663), positive S5T anomalies in

- Ehe central ond cestern Fovth Paciliic Ozean wore fairly par-



sistent during the 1last half of 1962 and early 1963. The
case of January 1963 seems to suggest that SST anomalies may
produce significant effects on the étmospheric energetics.
The fact that the sea level pressure fields exhibited world-
wide responses to the SST anomalies (Spar,1973a, 1973c) seems
to indicate that the SST anomalies might induce world-wide
effects on the atmospherice energefics.

The purpose of this study is to investigate the
recsponse of the atmosphere to certain SST anomalies from the
energetics pdiﬁf of view. The case of the transient (one month)
SST enomaly (Spar, 1973c) was chosen forwdetailed analysié.
In this experiment, the aﬁomalous warm pool was located 1in
the Horth Pacific Ocean, in an erea bounded by 22°N - 42°N
and 1h0°w - 180°W, and persisted over a period of only one
month, In the first month, two effeets of the S57T anomalj
are expected to affect the atmospheric energetics. One is
the augmented heating, evaporation, and condensation over
the local anomaly region, which is expsctezd to increase ths
diabatic generation of eddy available potential energy. The
other is the increased temperature gradlient, espescially on
ithe northern side of the warm pool, According to the baro-
¢linic instability theory (e,g., Charney,1947), fhe'increasad

temperature gradient is favorable for baroslinic instability,

—

1

tlowever, it must be noted thiat we do not expect the sinmt
lar eftvects of January 19533 {0 appzar in the anelysis of tulu
stL*". Tris is because that fhe pabtbern and duration of &£357
wrly and the inltial coniiticn of +he Lransiazni 557 anonoly
riment (blar, 1973¢c) are different from those of January
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Since the conversion of eddy avallable pctential energy to
eddy kinetlc energy is responsible for the growth of the dis-
turbance in & baroclinic atmosphere—(e.g., Brown, 1926%9), this
converslon 1s also expected to increase, especially for the
nost unstable waves, On the other hand, in the second month
the removal of the SST anomaly is expscted to reduce conden-
sation and preoduce a cooling effecf over the wara pool region,
In this study, the propagation of these effects and the 1n5
fluence on the other energy transformation processes are in.
vestigated., The results are discussed 1; section 7.

In order to evaluate the significance of such a simu-

lation of climate modificetion due to SST anomalies, it is
necessary Lo assess the ability of the model to simulate the
Areal atmosphere. A comparison of the eﬁergetics of the model
feontrol run®, which was designed to simulate the "ncrmal®
atmosphere, with no SST aﬁomaly, with the "observeds atmom
splhiere is presented in scction 6.

The energy ecquaticns integrated over the entire
global etmosphere have been derived by Lorenz(1955) axne
Saltzmen(1957). Since then atmosplieric energetics hzve been
computed extenslvely based on these equations, Because this
study is concerned primarily with the possible effects of SST
anomalies on different parts of the a¥mogphere, spectrzl
erergy equatlons for latitude belts instezd of the globtal
Integieted enersy equations were vscd, Follcwing the approachszs

of Loron:{i®s3s) ond Saltzrman(1957), the crergy equetions for



a latitude belt both in the spatlial and wave-number comains
were derlived, and are presented in sections 2 and3, The model
encrgetics wera computed from the d&ily mcan values of the
Fourler representations of variables defined at isobaric
surfece, and the harmonics were calculated up to wave number

15, baséd on information at 72 points around a latitude circle,



2, Formulations in the spaiial domain

2,1. FPundamerntal equations in the spnatial domain

By adopting the hydrostaiic approximation, the governing fundamental
eqﬁations (i.e., the equations of motion, thermodynamic enersy, and continuity; in the

(ks 3, D, t} coordinate system may be written as follows:

uf;+a—go—sqtu}\+-§-u¢+wup~<f+u—%a£-9>v+a—§;-s~g§:k+x¥o ‘ 2.1}
Vt'+;lclm vk+§v¢+mvp+<f+ i;ﬂ-‘ﬁ—)tw-;:1:§>¢'+y=o @.2)
%*%1”’ 2.3)

Wy * acos 9 (uk+ (v cos ®)¢) =0 9.4)

CTems R T Gy et e e i

in which
t = time,
A = longitude,

¢

It

latitude,
P = pressure,

a = radius of the earth,

u = acos ¢ dVdL, castward wind speed,



v = adg/dt, nor ;i‘-.‘.‘.‘;u‘t;t wind speced,
" w = dp/dt, vertical p-velocity,

& = geopotiential,

T = temperature,

h = diabatic heating 1'.ate,

g = acceleration of gra{fity,

R = gas constant for air,

cp = gpecific heat at constant pressure,

f = Coriolis parameter,

x = eastward component of frictional force,
y = northward component of frictional force.

2.2, Energy equations in the spatial domain

The total potential ener;c;y of thé atmosphere, which is the sum of poten-
tial and internal energies, is the only source for the kinetic energy of the whole atmos-
’ phere. However, it is not a good measure of the amount of energy available for conver-
sion to kinetic energy. For a horizontally stratified and stable atmosphere, although
total potential energy is plentiful, none at all ié ava.ilable for conversion to kinetic
energy. Thus, in his discussion of the atmospheric energy cycle, Lorenz (1955) de-
fined the available potential energy of the atmosphere as the difference between the total
potential energy of the whole atmosphere and the total potential energy which would exist

under any adiabatic redistribution of mass to yield a horizontal stable stratification.



This concept was also discussed by Margules (1903) in his {wnous paper ceorncoriing the

energy of storms.

The available potential energy was formulated by Lorenz (1955) for iso-
baric surfaces. Based on this formulation, the available potential energy has been com-
puted extensively in obsérvational studies. Modifications of Lorenz's (1953) definition
of available potential energ_x,; have been proposed (e.g., Van Mieghem, 1956; Dutton and
iohnson, 1967). In this study, Lorenz‘s.(1955) approach is adopted to make the energe-

tics of the model atmosphere comparable to observations.

Iet K and P be the kinetic and available potential erergies per unit mass,

respectively, which are defined as

K (u2 + vz)/z s

el
Il

2
c T /2
p Y / ’

where ( )" denotes the deviation from area average over an isobavic surface, T,

and y (see Saltzman, 1957) is given as



Let [ ] dencte the zonal average, defined as

1
27

* .
and let ( ) denote the deviation from the zonal average, [ ]. Then the Kinetic and

available potential energies may be decomposed into zonal and eddy components, as

follows,
K= Kz + KE ’
b= Pz + PE ’
where
2 2.
K = ([ul” + [v] )/2 s
* * *3 *9
Kp= (uu +[v]v )+ {u +v )2 ,
P = ¢ [T]”Z/Z
2" % Y ’
T T T*2/2
P_= ¢ "T +¢ -
Kz and KE are the zonal and eddy kinetic energy per unit mass, respectively; PZ and PE

are the zonzl] and eddy available potential energy per unit mass, respectively,

The encrgy cquations per unit mass over a latitude belt, derived from the

fundmnental equations (2.1)- 2. 5), may be writien as
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‘{Kz)t =FE) - <KZ, KE} + (PZ, };Z> W + D , 2. 6)
[Kpl, = FEp) + (K, Koy + (P, %> + W+ Do, @.7)
@) = F(’PZ) - (PZ, PE) - (PZ, .KZ> +G =+ CRZ @.8)
[Ppl, = F@p) - (Pz, PE> - <pE,*KE> + Gg + CRE 2. 9)

where

FE )= F &)+ T,K)

_f 1 e
Flﬁ{z)"” 1 acosg ([VKZ]COS ¢)¢+ [w Kzlp} !
_ 1 | . * ok *2 V | * ok * k.
Fy,) == g (U v I+ 01 Deosg} = {llw w 1+ (11 1}P,

F(KE) = FI(KE) + Fz(!iE) s

-7 1 ,
.Fl%)__iacosqﬁ ([VKE]cosa);‘;T[wKE}p} ’

aniE) = - FZ(KZ) [} )

F(PZ} = FI(PZ) + FZ(PZ) s

1 o
Fl(pz):_{acow (v PJcos 9) =y ({wpz]/y)p} ,

~ (
Fp® ) =-e v

ooy (T T lesa, (T fw T D},

= F R B pJ
F@pl=F Ppie Foigh



"’- ] o -
FI(PE)__iacos;t (IVPE]COb”‘)cj Y ([& Py 1/v) j ’

FZ’(PE') = - FZ(PZ) ’
. ' o .*2} "
- _ (. R cos SO A0 U
<Kz’hE> =~ {Lu vl ([ul/cos Q)¢ Y [V]¢ - [w .u ][u]p
®
flw v IIV]P SO IUIEC

(P PL ) =-¢ y{

a cos gz;

Tt

<PZ’KZ> = - ; {w] [T] )

(P_,K_Y == 2,7
E’ Er 11 b ]

=N -]

N 1 . T ”- "
‘Vz_m{acosqb ([vlI3] cos ¢>)¢ + ([m][ﬂ }P} ’

_ 1 * %k ”* *
WE__{acosc,‘c (v & Jeosg), + [w ¢ 1p} ,

D, =lul[x] - (V1y] ,

*® ok ® ok
DE=-IuX]-[vy] s

T

G, =y [hI[T]

-
G =y T 1T ,

3] * * _O_R
CRZ = ([wP, 1+ e, [T] [w T 1)

* Tk % " R -
ST Tl + e T (0Tl - ?m DI

11
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noo& 2R
RE = {(fw P - ¢ v T oo T ) ’
CRE = (] PEE p,i Pl 1)

F ) represents the flux convergence of by <b1’b2> represoenis the conversicn from

bl to by ( (bl, bz} = - <b2’bl> )3 Wz and W, are the energy exchanges with surround-

E
ings throuch zonal and eddy pressure interactions.,. respectively; Dz and DE are the
frictional dissipations of zonal and eddy kinetic energy, respectively; Gz and GE are
the generations of zonal and eddy available potential encrgy, respectively, by diabatic
heating, CRZ and CRE are the extra terms which arise from the simplified définition
of available potential energy. These two terms, which were neglected in the global
integrated energy equations (.g., Saltzman, 1957), are disregarded in the following

discussion. Note that for the area north of 20° N, the neglect of CRZ and CRE will not

make the model computation inconsistent with the observations.

4

Egs. (£.6) - £.9) are used to compute the energetics for latitude belis, These
equations integrated over the entire mass of the atmosphere are essentiall; the same as
those derived by other investigators (.g., Lorenz, 1955; Saltzman, 1957; Qort, 1964),.
and can be used to estimate the erergy cycle for the entire'atmosyahere. Note that the
definitions of (PZ,KZ) and Gz in this study are different frolm thosc generally used
(see Lorenz, 1955; Saltzman, 1957), For example, <Pz’Kz> and GZ were defined by

B 1{ T ir " 1t A
Saltzman {(1957) as -—I; [w] [T] and vy [R} [T] , respectively. The fiux conver—
gence terms (& (I-';y), F(}{E), 13 @Z) and ¥ (‘PE)) and pressure interaction terms (W and
A : ‘ z

_ WE) are disregarded in the global integrated encreoy equations. However, these terms
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cannot be disrégarded in the energy budget for a latitude belt., The other transformation

terms in this paper are essentially the same as those generally defined.
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3., Formulations in the wave-number domain

3,1 Fundamentnl equatiorns in the wave-number domain

Let ¢(*) and Z @) be the Fourier transform pair defined as foilows:

o= zZme™ . 1)
n:_:n
and
1 27 ~in)
Zgp) = 53— J c()e T dh o, B.2)
i 0

The Fourier transform pairs to be considered in this study are listed in Tahle 1,

Table 1., Fourier transform pairs

z (M) u v W 3 T h X y

Z ) U v Q A B H - X Y

~1 ~ink ) .
) e , and integrating

By multiplying Egs. <.1) - .5} by @m
around a latitude circle, the spectral forms of the imdamental equations can be ohtaincd

Saltzman, 1957). The spectral equations of horizontal motion may be written as
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R T ¢ _im - 1 1)V e
(U, = =/ {Teoss v VU @m)+ U m)Vio-m)
m:_m
tan ¢ i
+ U m)Qp-m) - —— Um) Vo-m) ¢ S.3)
p ‘ a
in o Lo
T A o5 @ A} +1IVm)-X@m)
and
. T _im R )
Ve, == ) {7oess Y Vem)+ 2V ) Ve-m)
m:_l:n
tan ¢ 3
+Vp€m)Q(n-m)+ a U(m)U{n—m)I B.4)

1 .
- = A¢Cn)--fU(n)-Y(n) .

where m and n are the wave numbers around a latitude circle,

The spectral
hydrostatic equation may be written as

R
- . =B .
A ) ) (3. 5)

The spectral equation of continuity may be written as

_ in . 1 tan & 3
Q0 =~ {MOS@ U+ <V, 0) -

@ P V(’n)j . 3. 6)
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The spectral thermodiranic enoryy eduaton may be writien as

L — Bm) Up-m)+ + B, @) V@o-m)

a cos &
m:_w
. R - 3
+ B m)Qm-m) ~ —— B@m)d{m-m) - B 7)
o) c P J
P
1
+ o H@n} .
P

3.2 Energy equations in the wave-number domain

I Z{) and Q () are the Fourier transforms of ¢ {}) and q(i), respect~

iveljr, the Parseval theorem may be written as

217
2nj cO g dx =
o]

Qm) Z(-m) . 3. 8}

n 1B

By means of Parseval theorem, zonal averages of kinetic and available

potential energies can be expressed as

and

5

R 2
[Pl = e vITI + ) CP\(IB{H}] .



17

If we define

i

Km) = [uml? + ve |

Pw) - ¢y |Bo|
n pY ",

then {K] ard [P] c2n be expressed as

K] =K, + E Kml,
n=1
[P] =

P 4 z PQy |,
Z
n=1

F

where K{) is the eddy kinetic energy of the nth component per unit mass in a latitude
belt, and P ) is the eddy available potential energy of the nth component per unit mass

in a latitude belt, Note that KE = T K@), and PE =

Lo
n=1

P),

B ~18

Saltzman (1957) derived the spectral energy equations for the entire
atmosphere. However, as mentioned before, in order to be able to sce the effects
of SST anomalies on different parts of the atmosphere, the calculations were based on

the spectral energy cquations for a latitude belt.

After multiplying Egs. 3.3) and (3.4) by U¢n) and Vi-n), respectively,

- and the eguations for (Uén)) ¢ and (V -n) )t by Um) and V@), respectively, the eddy
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kinetic energy equation for the nth cumponcnt can -be obilained by adding the resulting
four equations (see Saltzman, 1957). Similarly, n11£1tip13dng Eq. 3.7) by Bén) and
th_e equation for (B En)) ¢ by B ), respectively, the eddy available potential eﬁergy
equ-ation for the nth component can be obtained by adding the resulting two equations.

These spectral energy equations for a latitude belt may be written as

(K(n))t=F(K(n))+1\1(n)+ Lfp)~Ch) + W) + D) 5. 9)
®@), =F@P®)+Qn +Sm-Ca)+Ga) , 3.10)
where
- _ © s 1 -~ U § ' Virg
FEm) 2 {3coss QK 2 G ®RT T Y (m,n))cios 9“")
: m = i
#o
- Um) LVE) N S
T2 Yau m,n) +. 7 TRV {m,n)/;p_‘i- ?
__ T (1 Bm)
F@m)= cpY 1 acos ¢ 2 YyT fm,n) cos ﬁ/
m:_m ¢
O
Bm)
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cos 3

-
Mm) = - { Xy @ (Wl/cos )+ x__ @) < v]

‘ . , T 4 fan g 1
+ qu fn) iu]p - de‘ fn) [V]p - qu ) v] N j ’

N 1 o e . B N1,
Q n) Cp Y L 2 Xyr™ [T]g5 + wa@ \[T}p o [T] )
L) = Ll(n) + Lz(n)

’ 1
L1 z {Uﬁn)(a cos ¢ ‘huu m,n) + a? ¥ q)(m,n)
m_-m
fo
* by o) - ERE, )+ Vi) S )
(iJllp ’ a \_'aco s & ‘nv ?

| 1, tan ¢ y
T 2 Yy m,n) + lymv @,n) T T ‘yuu(m’n)>}

L,0) = FKam)) ,

S(n) = S, @)+ S,m) ,

. P
acos ¢ 7 uTk tm,n) + a L!'ngﬁ fm, n)

S. @) = Z ¢ ‘Y'Bﬁn){

]
+ m,n) p
TLUT (! 3 J ¥
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S,m) = FP@)

R .
Cm) - - _]::; ‘V\{_UT (n) ]
Wy = 1 Y., )cos @), + { m)
m)"*{acos@i {Xyg B)cO o _Xw§ pJ ’

Do) =-xux_,ctj.z) - va m)
in wl‘.t;ic:h2

X,, 0 =[Z20)Q ¢n) + Z2(-n) Q@] , -

¢4
llrgq m,n) = [ Zmw-m) QEn) + Zen-m) Q@) ,
with Z 1) and Q M) being the Fourier transforms of ¢{}) and q(}), respectively.
F{K))is the flux convergence of eddy kinetic energy of the nth component; F (P () )
is the flux convergence of eddy available potential energy of the nth component; M m)
is the transier from zonal kinetic energy to eddy kinetic energy of the nth component;

Q) is the transfer from zonal available potential energy to eddy available potential

* * =
It may be verified from Parseval theorem (3.8) that [C (M) q (M) = \;_ ngtﬂ) .
n=1
It may also be verified from the definitions of Fourier transform ©B.1) and 3,2)
T S
that {w (Mg Q)M = ) ) Um) togfmam .
=1 mE - =

o
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encrgy of the nth component; Lm) is the kinetic energy transfer from other wave com-
ponents to the nth component through nonlincar w:wc; interations; Sn) is the available
potential energy transfer from other wave components to the nth component through
nonlinear wave interations; C () is the eddy conversion from available potential energy
to kinetic energy for the nth component; W) is the energy exchange with the surround-
ings through eddy pressure interation of the nth component; D) is the frictibnal dissi~
.pation of eddy kinetic energy of the nth éomponent; G ) is the generation of eddy avail-

able potential energy of the nth component.

Egs. 3.9) and (3, 10) are used to compute the spectral energetics for latitude
belts. These two equations together with Eqs. (2. 6) and @2.8) integrated over the
enfire mass of the atmosphere are essentially the same as those derived by Salt’:zma.n
(1957), and can be used to estimate the e_nergy cycle for the whole atmosphere in the

wave-number domain.

The relationships between the energy transformation terms in the spatial

dom ain and those in the wave-mumber domain are given in Table 2,



Table 2. Relationships of energy tg'ansf‘ormations between

spatial domain and wave-number domain

spatial domain wave-number domain
F(Ky) | T F(K(n))
- n=t
F(Pg) = F(P(n))
n=l
Ky K> | Z N{n)
{PpyP Y > a(n)
E }i:.f
{PoXg > ggc(n)
]
o0
Dg L D(n)
G 7 G(n
E =0 ( )
0 b L{n)
1=
ey i)
CRE (=0) > 8{mn)

3

CRE i negleeted in this stuvdy,

22
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L, Brief descriptions of the general circulation model and

the transient SST anomaly experiment

A transient SST anomaly experiment was carried out
by Spar (1973c) with the two-level Mintz-Arakawa global
. general circulation modei. The detalils of the medel structure
are described by Gates et al. (19?;). A very brief description
of the model and the experiment is given below.

The model is a two-layer global tropospheric model,
and is bounded by the earth's surface and the 200 mb level.
The primitive equations are solved on a sprherical grid of
50

systen is incorporated by using ¢-coordinate, (o= (p - PT)/

of longitude by 4° of latitude. The large-scale mountain

(ps - pT),'where pT is the pressure of the tropopause end is
teken to be 200 mb, and p, is the pressure of earth's surfaqg).
Land and sea distributicns are also ineluded in the model. v
Temperaturee of land are determined from a surface energy
balsnce corndition. Sea surface temperatures are prescribed és
the climatological annual mean values. The model also includes
a water cycle (with clouds and precipitation), parameterization
of convection, radiation (including continuvously varying sclar
distance, declination and zenith angle) (Arakewa et al., 1968),
end & prescribed seasonal variation in the latitude of the
nortrhern hemisphere snow line, |

In the transient SST anomaly experinent, the
anomalous warm pool was chosen to locate in the Korth FPacific

Ocean, in an area bounded by 22%0.42% and 140%4-180%W.
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An anomalous pattern from 2°C to 600 was added to the clima-
tological mean annual sea surface temperature of this area.

The anomaly on the perimeter grid points of this area was

set at 2°C, inecreasing to hoc at points one gridpocint in from
the perimeter, and to & maximum of 6°C at points two grid-
points in from the perimeter. The warm oceanic pool was allowed
to persist for the first month of the anomaly run, after which
time the climatologlical mean annual SST pattern was restored.
The simulated predictions were carried out for 90 forcest days

of the winter seasoi.
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5. Meﬁhodé'of calculations

| History tapes of the sxperiment with the transient
SST enomaly (Spar, 1973c) obtained from the two-layef Mintz-
Arakawa global general circulation model were used, The general
circulation model was designed to simulaté the troposphere,
which was essumed to be bounded between 200 mb and the eerth's
surface, In the computation of energetics, since the p-coordinate
was used, the lower boundary was assumed to be the 1000 mb
surface instead of the earth's surface..The troposphere was
also divided into two layers with the 60C md surface being the
interface, |

Variables on an 1sobaric surface were interpolated
from data of history tapes which were computed in 0 coordinates.
Horizontal velosities and frictional forces were interpblated\
linearly in J-space, In the interpolations of temperature$,
geopotentials and temperature lapse rates, it was assumed;
as in the general circulation model, that the potential tems
perature was linear in {p)&&? space, For the vertical p-velocities,
& paralbolic profile in (-aspace was adopied.
' The diabatic heating includes solar radiation,

long-wave radiatidn, condensation and the surface sensible
neat exchangas. The condensatiocn is due to both 1arge~scale and
cOnvective processes, In order to examine the role of farious
heating components in the generation of avallieble potential
energy, these héating components were éeparatéd. In the gen-

eral eirculation model, the large-scalé‘ccndensation and the
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surface sénsible heat exchange were assumed to occur only in
the lower layer and were defined on the 0'=3/4 surface. These
two heating components were then assumed to be the heating
components on-the 800 mb surface for computing the energetics.
The rest of the heating components on the 400 mb and 800 mb
vere interpolated linearly in 0-space.

As in the general circulation model, horizonal
velocities and frictional forces were defined at latitudes
rrom 88°%s to 88% witn 4° interval, and the rest of the vari-
ables were defined from 90°%s to 90°N with 4% interval., The
Fourler componeﬁts of the variables on the lsobaric surfades
were computed up to wave number 15, The energetics were then
computed at latitudes from 86°S to 86ON with 4° interval
using dally.mean values of the Fourier components of the
variables, In calculating the budget of dvailable potential
energy, the velue of Y used was the mean value of the stability
factor over 90 days.,

| The summation of L{n) and that of S(n) over 15 wusve
numbers are in general not equal to zero, This is because
of the truncation in wave number, of the finite differences
employed in calculating the values of derivatives of vari.
ablés, and of the nonzero of tne CRE,  The nonzero sums wWere
assumed to be unifornly distribuﬁed over all waves. The ccr-
rected L(n) was set to be eqﬁal 40 L{n) defined in section 3
minus a correcction which 48 the summation of L(n) over all

waves devided by the number of waves., The same approximation
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was also adcpted earlier by Saltzman and Flelsher (1960) and
Yeng (1567). |

The energetics integrated through the entire depth
of the model atmosphere were ccmputed. Since ths vertical
© p-velocities were assumed to be zero at 200 mb surface, inte-
grating the divergences of vertical transport terms ( QdKz)p ,
GuKE)p ; etc.) yields the vertical transports at thei%ower
boundary. 1In order to incorporate the topographic effect,
this lower boundary was set to be the earth's surface rather
than the 1000 mb surface, Six pressure surfaces, i.e., 700,
800, 850,900,950 and 1000 mb, were chosen to represent the,
lower boundary for dlfferent grid points in calculating the
vertical transports of available votential energy and geo-
potentlal deviations near the earth's surfaée. ITf the
earth's elevation at a grid point is higher than the height
cf 775 mb in the NACA standard atmosphere, the lower boundéry
for that grid point was set at 700 mb., If it is lower %han
the standard height of 975 mb, 1000 mb was chosen to be the
lower boundary for that grid peint. |
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6. Energetics of the model atmosphere

6.1. Energetics of the control run in the spatial domain

for the reglon north of 20°n

Before lnvestigating the posslible effects of a

- transient SST anomaly on the atmospheric energetics, it is
desirable to examine how well the model atmosphere simulates
the real atmospherlc processes and energy contents, Sincs
the general circulation of the control run was'designéd to
simulate normel climate, the energétics of the control run
are compared with the observations,

The energetics of the atmosphefe have been computed
intensively bassed on observed data, However, most of the
observational studles are confined to the Korthern Hemisgphere,
especlally to the reglon north of 20°% (Bee Oort,1964; ' ]
Krueger et al,, 1965; Saltzman, 1970; etc). Since the ener-
getics might be quite different over different parts of tﬁe
atrosphere, only the results for the control run north of
20°N are comrpared wlth the observations,

‘Fig. 1 shows the ninety-day mean energy budget in
the spatial domain for the winter control run averaged over
the area north of ZOON, together with observational results
from Krueger et al. (1965) and Saltzman (1970). The energy
estinates by Krueger et al., (1965) shown in Fig., 1 are for
an average of 5 winter (Dacember- February) sez:zcons, and are
based on data from 850 mb to 500 mb in the region nortn of

o ‘ .
20N, extrapolated to include the entire atmosphera. Bosed
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on a varlety of sources, Saltzman (1970) compiled a spectral
energy budget for the Northern Hemisphere., His results for
an average "cold season”, October - March, transformed into
the spatial domaln, are also shown in Fig, 1 for comparicson,

In general, the so-called observational energetics
of the atmosphere have been estimated {e.g., Oort, 1964;
Saltzman, 1970) by applying the global integrated energy
equations to the data in certaln latitude bands within the
Northern Hemisphere (approximately north of 20°N or 15°N).
The model energetics, on the other hand,.yere computed from
the zonal averaged energy equations for all latitude bands
covering the entire global atmosphere below 200 mb. The
region north of 20°F 1s an open deomain in the model ealeoulis-
tions, therefore, the model energetics include the energy
flux convergence and pressure interactlion terms, which were
neglected in the observational studles, According torFig.l,
the convergence of zonal available potential energy, F(Pz),
and the zonal pressure interaction, wz’ rlay an important
role in the energy budget of this region. _

The zonal available potential energy, P, , of the
winter control run appears to be too large compared with the
observations., One reason for this discrepancy is the differ-
ence of domains between the model snd observational computa-
tions, Squares of the temperature devizstions from the global
mean temperature were used to compute Pz in the model energe-

tics, while deviations from the limited area mean temperature

30
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{e.g., norih of 209N) were used in the observational studles,
Another reason is that the model produces excessively high
tempersature in the upper troposphere in the tropies., In the
January climate simulaticn, Gates {(1972) alsc found *that the
-temperatures in the upper level of the tropics were much
higher then those observed. This is because the model pro-
duces t00 much convective precipitation in the tropicq.

The zonal Kkinetic energy, K of the model control

z *
run is in good agreement with the observations, and so is the
eddy available potential energy, Pp . On the other hand, the
eddy kinetic energy, Kg , calculated from the model is too
small, probably as a result of the low horizontal resolutibn
of the model., BRoth Manabe et al, (1070) and Wellek et al,
{1971) found that the eddy kinetic energy was markedly in-
creased by inereasing the horizontal resolution of the mo&él.
77 777 The zonsal conversion (Pz'Kz> indicates a ccenver-
Bion from zonal kinstic-to zonal potential energy in the “
model north of 20°N, in good agreement with the result of
Krueger et al, (1965). The negative of this conversion
reflects the dominanes of the indirect cell north of-ROoN.
On the other hand, the eddy conversion, <1PE,KE} , Trom eddy

available potential to eddy kinetic energy, appzars to be

31

tco large in the model cohpared with the Qbservations. However,

this conversion was computed from the vertical motion field,
whlch was determined dry adlabatically in the cbhservational

diagncsclics, The cobservational 4<PE,KE)-'are prchably under-
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estimated due to the underestimated vertical velocitiles.

Since the moist convection ﬁas included in the model, the

value of (Pg,K;) might be more realistic in the model com-
putation than in the “observational® diagnostics,

The term {KE,KZ) indicates a transformation from
eddy tc zonal kinetlc energy in the model, in good agreement
with the observations. However, the transformation (PZ,PE> ’
from zonal to eddy avallable potential energy, seems too low
in the model, probably as a'result of the low horizontal re-
solution of the model,

The generation of zonal availaﬁle potential energy,
G, , showa good agreement between the model and observations,
However, for the generation of eddy avallable potential energy,
.GE , there 13 a disagreement in sign. The eddy avallable po-
tentlal energy is generated by diabatic heating in the model,
but 15 destroyed in the observational diagnostics. Both G,
and Gp compiled by Saltzman (1970) are from studies of
Wiin-Nielsen and Brown (1960) and Brown (1964}, in which the
two~parameter barceclinic model was used, The two-parameter .
baroclinic model might underestimate the vertical velocities,
which in turn caused an underestimation of the creation of
PE by condensation heating, This 1s probably the reason why
the values of GE in Saltzman's study appear to be too large
end are negative in sign, Furthermore, thaz values of Gz and
Gp were determired as residuals by Krueger et al.(1965).

Thus, these cobservational valuss cannot be consldered asz



33

reliabls standards against which to Judge the model.

| The kinetic energy diesipations, D, and Dy , in-
the model are not in good agreement with those of Saltzman
(1970). The total 4issipation, (DZ+IDE), 1s 6.43 watt m=e
’ in the model compared with Saltzman's residual estimate of
3.03 uatt m'z. However, based on five-yecar's data, Kung

2 for the winter

(1967) suggested a value of 4,94 watt m~
(Octobzr - March) total dissipatioﬁ, which is in better
agreement with the model, But, as the zonal winds in the
middle latitudes are much higher in the model than in the
obgservations (Gates, 1972), it is likely that the zonal dis.

sipation, D is somewhat too high in the model,

z »
6,2. Energetics of the control run in the wave-number

domain for the regsion north of 20%

Flg. 2 shows the ninety-day mean enrergy budget in
the wave-number domain for the winter control run averaged
over the area north of'ZOOH. -Except for eddy generation terms,
G(n) , the model energy flow diagram in the wave-number doamin
is qualitstively in good asgreemsnt with the observational
results of Saltzman (1970). Note that Fig, 2 includes energy
flux convergence and pressure interaction térms, vhich vere
neglected in the observational results of Saltzman (1970).

The general picture is described below. '

The available potentizl snergy generated by disbatic

heating takes place mainly in the zonal form (¢,), and flows

to all the eddies primarily throush eddy sensible heat trans-
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fer meaéured by Q(n), with the domirnant transfer in the larger
eddies (small wave numters), The avallable potential energy
is further transferreq from longer waves to intermedliate and
short waves threcugh non-linéar wave interactions, S(n). All
waves convert their potential energy to kinetle energy throuzh
baroclinic processes represented by C(n}), and supply kinestic
energy to the zonal flow through barotropic processes measured
by M(n). Intermediate waves lose kinetic energy, and most
longer waves and short waves gain kinetle energy through non-
linear wave interactions, L(n).

However, the eddy energies, P(n) and K(n}, are:
generally smaller in the model than in the observaticns, as are
the converzions from Pz to P(n), Q{n). Also, in the non-linear
- wave interactions, 1ntermediate waves lose less kinetlic energy
~in the model than in the observational diagnostics, Soms of
these shortcomings of the model are undoubtedly due to the
coarse horizontal resolution, as shown by Manabe et al, (1970).

Maximum eddy conversion, C(n), in the model was
found in the ultra-long waves (near n=2), whereas the baroclinie
instability theory and observational studies (e,g.,, Saltzman and
Fleisher, 1960, 1961) indicate a maximum in the intermediate
scale, around n=6, Most of the baroclinic instability theories
were based on dry adiabatic models, and the “observaticnal"
vertical velocitles were computed dry adiabatically. In the
study of ths effeét of sensible heat exchange on the baroclinic

instability, Haltiner (19467) found that the heating decreased
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4theAinstabilitxwat-inter@ed;aterwaxplengéhsnand increased- the
" Instability at longer wavélengths. Murakami and Tomatsu (1965)
further showed that the most unstable wave could occur at
,ultra-long waves if sensible heat exchange was taken Into con-
sideration. The maximum conversion in the model of Manabe et
al, (1976) also takes place in thefultra-long wave, as in the
rodel. The fact that the eddy eonmverslions of the model at all
wave numbers are larger than those compiled by Saltzman {1970)
1s probably also due to ths use of dry adiabatic vertical
tnotion in the observational diagnostics,

In summary the model control rﬁn exhiblts a rea-
sonable and realistic energy budget both in the spatial and

wave-numrber domeins for the region norih cof 20°N.

6.3 Latitudinal distributions of the model energetics

ﬂl ‘There are more similarities than differences b§-
tween the energetics of the model control run and those of
the model anomaly run, The essential features of the model
energetics are reflected in the similarities, Figs. 3-6 show
the thirty-day mean latitudinal distributions of energy contents
for the control and anomaly runs for the second and third
months. Although rnot showﬁ in figures, the characteristics
of the model energetics In the first month 1s similar to that
in the second and third months, %here are two maxima of zonal
kinetic enerey, Kz, in the middle latitudés of both hemi-
spheres rcflecting the jet streams in the respective latitudes

(Figs. 3A,5A)., The =ddy kinetlc enorgy, X also has maximum

El
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values in fhe northern and southern middle latitudes corres-

ponding to the activities of the extratropical distufbanceé
(Figs. 3B,5B). A minor peak of KE appears near the equator
which shows tha activities of tropical disturbances,

The zonal avallable potential energy, Pz ,_has two
minina in the middle latitudes of both hemiSpherea,'uhich are
probadbly tod closze to the equator due to the excessiveiy high
tropical temperatures (Figs. 44,6A), These two minima could
be shifted further pole-wards by improving the convective
ed Justment to lower the tropical temperatqres. In the north-
ern henisphere winter, the coldest temperéture oceurs at thé
north pole, hence, the highest Pz is found there, The eddy
availavle potential energy, P. ; has maximum values in the.
niddle latitudes of both hemispheres, reflecting the large
longitudinal temperature variations in the middle latitudes
(Figs. 4B,6B), However, ﬁhe peak of PE near the equator is -
pirobably exaggerated and 1is overgenerated by the convective
condensation, _

Except in the model fropics, the patterrs of ener-
gles in the nodel aimospheres are qualitatively in agreement
with the otaservations (e,g., Vincent, 1G669).

| Figs, 7-16 show the thirty-day mean latitudinal
distributions of ernsrgy transformations for the second and
third months, One notlceable feaiure is that there exists
8 splke within the tropizal region for most of the energy

transformations. There 1s good reason to believe that these
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reflect a-defect in the model, namely the parameterization of
convection. The excessive convective condenéation in the
tropics could overgenerate_the available potentlial energy,
and could increase the vertical velocities which in turn in-
' tensify the conversion from potential to kinetic energy.
These results might further affect other atmospherlc pro-
cesses in the tropics. |

In low latitudes the transformation (P,,Pg }'13
from eddy t0 zonal avallable potential energy, and &agrees
qualitatively with that' proposed by Starr and Wallace (1964),
However, its magnitude is probably too lgrge in the modelf '
tropics (Figas. 9A, 1&@). ‘The eddy dissipation, DE , in the

model tropies is also probably too large for balancing with

the exggerated eddy conversion ( PE,KE:) (Figs. 8B, 113, ;3B,.

16B}, The eddy pressure interaction, W , in the model tro-
pics even reverse in sign with respect to‘the'results in the
general circulation model of Manabe et al, {1970a).

It is generally egreed that zonal avallable po-
ten£151 energy 1is genergtea by low-latitude heating and high-
latitude cooling (e.g., Vincent, 1969), However, the model
shows that in low latitudes outside the troplcal splke, Pz
is destroyed by dlabatic cooling (Figs. 74, 12A). - Further
investigation shows that in low latitudes the major heating
component destroying Pz is long-wave radiation, which might
be too large resuliting from the sxcessively high tropicai

temperatures, In the middie and high latitudes, the patterns

3
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of Gz in the model are qualitatively in agreement with the
observational results of Vincent (1969) (Figs. 74, 12A), .In
‘high latitudes.Pz is primarily generéted by the cooling of
'~ long-wave radlation. On the other hand, the patterﬁs of G
| (Figs, 7B, 12B), in the model are determined mainly by con-
densation processes, Except in the model tropies, the values
of G are generally small compared with G, :

The patterns of { P,,K, ) exhibit three-cell meri-
dional circulations in both‘hemispheres (FPigs. 8A, 134),
However, the strengthlof the Hadley circulations is too

strong resulting from the overproduction of convective pre-

cipitation in the tropies.

The eddy econwversion, { PE,KE:>,'has maximum v
in the middle latitudes of both hemispheres reflecting the’
extreme baroclinic instability in these regions (Figs. 8B,
13B). The difference of lend-sea distributions in both hemi-
spheres and the winter conditions in the Northerm Hemisphere
eénhance the eddy activities in the northern middle latitudes.
Thus, the peak values of (\PE,KE‘> in the northern middle
latitudes are larger than those in the southern middle lati=
tudes, o

The azvailable potentizl energy is found to transfer
from zonal to eddy in the middle and high latitudes, with
the maxima in the middle latitudes (Figs. 9A, 144)., This is

qualitatively in agreement with the observationsl studies

(e.g., Oort, 1984; Vincent, 1$69; Saltzman, 1970).
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" The eddy pressure interaction, W , acts as a source
of eddy kinetlc energy in the subtropics and as a sink 1nlthe
middle and high latitudes (Figs. 10B, 15B), The results in
the northern subtropical end middle latitudes are qualita-
tively in egreement with the results of Manabe et al., (1970a).
In the general circulation model of Manabve et al. (1970a), WE
also supplies energy to high latitudes, which is contrary to
the results in this study.

The zonal dissipation, D, » has maximum values in
the middle latitudes reflecting the fact‘that maximum dissipaw
tion oceurs in the vieinity of the jet stream (Flgs. 114, 164).
The eddy dissipation, DE , 8ls0o has maximum values in the{

middle latitudes, as expected (Figse,

A <

118, 16R)},

Except in the troplces, fhe ¥intz-Arakawa two IAyer _
global general circulation modei exhibits a recasonable an&
realistic energy budget, In the tropics the convective pfe-
eipitation wes found to have a dominating influence on thé
nmodel energeties, Thus, improvements on the parameteriza.
tion of convection may bring the simulated tropical energe-

tics closer to the reality.
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7. Effects of a translient SST anomaly on the enernetics'

7.1. Effects on the latitudinal distributions of energetics

The enalyses of the sea level pressure patterr and
600 mb geopotential field by Spar (1973, &, b, c) showed that
in the first month the responses to the SST anomaly are malnly
in the Northern Hemisvhere. The analysis of the atmospheric
energetics in this study alsc revealed that in the first month
the effects are primarily in the northern mlddle latitudes.
Since the responses are smaller in the first month than in
the second and third months, they will be discussed later
only in terms of regional anzlysis, Effécts on the latitus
dinal distributions of energetics for the second and third
months are dlscussed below.

(A) Effects in the second month

In the SST ancmaly experiment, a positive SST
ancmaly was introduced to the anomaly run on the first day
of the first month, and was removed from the anomaly run on
the first dey of the secoﬁd month, In the first month, with
the insertion of the SST ancmaly, the portion of the atno-
sphere above the warm pool tends o gain more gensible heat
and water vepor from the underlying sea surface; the surface
alr above the warm pool is heated gradually by the warm 3e8.
In the second month, with the rewmoval of the SST anomaly,
this portion of the atmosphere tends to reduce surface sen-~
sible heat flux and evaporation, Therefore, the transient

SST anoaaly has a heating effect in the first month but hes



a cooling effect in the second month in this portion of the
atmosphere, These effects then propagate into different
parts of the atmosphere through the atmospherio circulations.
~ Since the mean motion of. the atmosphere are mainly parallel
to latitude circles and the cyclone paths are toward north-
east, it is likely that in the second month the cooling
effect propagates mostly to the otﬁer portions of the north-
ern middle latitudes rather than to other latitude bands.
During the second month, as expected, the anomaly

was found to decrease the amount of condensation and eddy
generation in the northern middle latitudes (Fig. 7B}, It '
also reduces the energy conversions, <Kz'Pz> and <,PE'KE> ,
in the northern middle latlitudes (Figs BA, BR). The formar
indicates a reduction in the strength of the Ferrel cell, in
which the vertical velocities in the upward branch of the
cell are decreased, The latter indicates a decrease in the
baroclinic instability, which further causes a decrease in KE
(Fig. 3B). The less emctive eddles disslipate less energy in
the northern middle latitudes (Fig. 11B). The conversion

{ PZ’3E> in the northern middle latitudes also decreeses in

the enomaly run compared with the control run (Fig. 9A). )’

This together with the reduction in GE czuses a decrease
PE (Fig. 4B), Compared with the control run; the zona)’/pres-

sure interaction, ¥ in the anomaly run appears to/éupply

A ?
less energy to the northern middle latitudes (Pigd 104).

On the other hand, W_. in the anomaly run removes le3s energy

o
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from the northern middle latitudes .and supplies less eﬁergﬁ
to the northern subtropics, compared with the control run
(Fig. 10B), o -

In summary, the transient SST anomaly was found to
cause a reduction in the atmospheric processes in the north-
ern middle latitudes during the second month, Apparently,
this is the response to the second-month's cooling rather
than to the first month's warming,

In the second monfh, the anomaly also affects other
area outside the northern middle latitudes, especiaily the
southern middle latitudes, For example, the anomély appears
to cause an increase in K# » Kg » Py, end ( KE,KZ;>, and a
‘decrease in ( PZ,PE> in the southern middle latitudes (Figs.
3A, 3B, 4B, 9A, 9B). However, the response is less pro-
nouncéd and less systematic in the area outside the northern
middle latitudes,

(B) Effects in the third month

As in the second month, the sea surface tenperatures
in the third month are the same for both the anomaly z2nd con-
trol runs., However, the differences of energetics taotween
the ancmaly and control runs are still large, Maxirum dif-
ferenccs were found in the tropics, In the tropics, all the
zonal and eddy energles are decreased in the anomalx run,
compared with the controil run (Figs, 5, 6). ‘Temperstures in

the upper troposphere were found to be much lower irn the

anomaly run, with a mexirmums reduction in the tropics., Thisg
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results iﬁ a lower global mean temperature, and hence Pz is
markedly decreased in the tropics (also in high latitudes)
(Pig. 6A). The anomaly also appears to reduce wind velocities
in the troples. This can be seen from Pigs. 5A and 5B that
‘ both Kz and KE in the tropics are reduced in the anomaly run,
The energy transformations in the {roplcs are
severely distorted in the anomaly run compared with the:
control run (Figs. 12 - 16). Compared with the control rum,
the generations, conversions and dissipations in the troples
appear to be less active in the anomaly run, The precipita-
tion and latent heat release in the tropics are due primarily.
to convective processes, Except at 205, the preciplitation h
in the third month in the equatorial region (20°N - 20°%)
'appears to be larger in the anomaly run than in the control
run, However, at 2°S, where all the energy transformaticns
show dramatic reductions,.the decrease of precipitation in
the anomaly run was extremely large (about 80%), Since the
convective condensation is the major component for generating
Pz and PE in the tropics, the dramatically altered convective
condensation markedly changes the patterns of Gz and GE in
the tropics in the anomaly run (Figs. 124, 12B), These
changes further affect all the other energy transformation
processes in‘the tropics. Because of the unSatisfactory
parameterization of convsction in the model ( Gates, 1972),
it is very likely that this tropicel effect is a computational

artifact caused by a model defect rather than a true reflec-



tion of néture.

In the third month the influence of the SST anomaly
in the northern middle latitudes is hot s¢ pronounced and
systematic as in the second month. Nevertheless, some res-
ponses cén §till e found. Both K; and PE in the northern
middle Iatitudes appear to be larger in the anomaly run than
in the control run (Figs., 5B, éB), As can be seen from the
pattern of ( P,,K, ), the indirect Ferrel cell in the north-
ern middle latitudes is intensified in the anomaly run (Fig.
13A). Compared with the control run, it was found that Wg

in the anomaly run transports more energy out of the northsrn

middle latitudes {(Fig, 15B). However, the conversion from
P2 to PE in the northern middle latitudes is reduced in the
'anomaly run (Fig. 144),

For the southern middle latitudes, on the contrary;
the response to the SST anomaly is more apparent and more
systematic in the third month than in the second month, The
transient Northern Pacific warm pool appears to cause a de-
crease in the eddy activity in the southern middls latitudes
during the third nmonth, This is shown in the reductidns of
KE . PE,KE} » { B,sPg ), and D_ in the southern middle
letitudes in the anomaly run (Figs. 5B, 6B, 13B, 1ha, 16B).
The pattern of WE also reveals the reduction of eddy actlivity
in the southern middle latitudes. The eddy pressure inter-
action in the anomaly ™un removes legs energy out of the

soutkhern middle latitudes, and suppliss less energy to the
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subtropicé of the Southern Hemisphere (Fig. 15B). The con-
version { Kg,K, ) in low latitudes of about 50% - 40°N
appears to be increased by the transient SST anomely.
Although fhe anomalous pattern of-the sea surface
temperature field persists for a period of only one month,
the results for the second and third months suggest ﬁhat
the transient SST anomaly can indeed have a disturbing effect
on the global energetics,

7.2, Effects on the regional energetics

It is well known (Mintz et al., 1972) that the two-
Jevel Mintz-Arakawa model produces a poor simulation of the
climate in the polar and tropical regions, It is also a
fact that (except for the dublou
third month) the transient North Pacific SST anomaly in the
experiment preduces a maximﬁm response in the middle latitudes,
Because of these two reasons, two zonal sections representing
middle latitudes were particularly chosen for detalled analy-
sis. These two zonal sectlons are 28°N - 60°N and 28% - 60°S.
The effects in these two areas are discussed in terms of
gross regional energetics both in the spatial and wave-number
domains.

(A) Effects in the northern niddle latitudes

The thirty-day mezn energetics for each month of
the control and anomaly runs in the zonal section 28°N - 60°N
are shown in Table 3, PFigs. 17, 18, and 19 3illustrate the

thirty-day mean spectral distributions of XK{n), P(n), F(n},
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Thirty-day mean energetics for each month of the

Table 3.
control and anomaly'runs ir the zonal section
28% - 60°N. The unit of energy content is 104
joules m™% and that of energy transformation 1s
1072 watt m~°. -
' Control Anomaly Contr§1 Anomaly Control Anomaly
Month No. _ 1 1 2 2 3 3
P, 418 h22 468 517 354 339
PE 122 131 138 129 .. 89 104
K, 169 171 183 o192 k7o 1b9
X 100 100 113 106 73 82
G, 177 152 295 = 321 230 177
Gg 77 108 - 89 0 : 84 38
W, 78 66 222 185 208 . 151
W -201 ~187 -120 43 -98 -186
(K,®, ) 335 307 100 -6 112 191
(Pg,K ) 1014 ;058 852 600 690 729
(Py,Pg ) 555 571 512 Lh2s 160 3563
(Kg: K, ) 79 91 11 -8 19 65
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and C(n) for sach month of the control and anomzly runs in
the same zonal section. K(n) and P(n) are the spectral com-

ponents of K_ and P_ , respectively, and M{(n) and C{(n) the

E
spectral comzonents of ( KZ,KE> and ( LS - ), respectively.
Table 3 indicates that in the first month the
effects .in the northern middle latitudes are fairly small
compared with the other two months. In the first month, the
transient SST encmaly appears to cause an increase in PE and

G. , as was expected, and a slight reduction in G tcgetherl

E
with slightly increased converslons from P, to Pgp , PE to Ky ,

z ¥

and Kn to K,, However, during the first month the spectral
energetics in the northern middle latitudes are greatly dis;
turbed by the SST anomaly (Fig. 17). As might have been
expeqted, the anomaly appears'to cause an increase 1in the
eddy activity of the intermediate scales, In the intermediate
scalaes (n=i - 10), eddy enérgies, K(n) and P(n), and eddy con-
version, C{n), are 1ncreased‘in the anomaly run (Figs. 174,
'17B, 17D), On the northern side of the warm pool, the sea
surface temperature gradients are increased in the first
month by the prescribed SST anomaly. This increases the
baroclinic instabllity ard eddy conversion around the inter.
mediate scales. The more active cyclone waves then transfer
more kinestlc energy to zonai flow to maintaih the zonal wind
system (Fig. 17C}, Although not shown in the figurss, the
spectral analysis reveals that the increase of GE takes place

rmainly in wave number 1 and 2. This increase is due primarily
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to the inﬁreased latent neat relessed by condensation,

Another noticeable feature occuring in the first
month is that the eddy sctivity of the ultra-long waves 1s
markedly reduced in the anomaly run, especlially wave number
2 (Fig. 17). Because most of the increase of eddy activity
around the intermediate scales is compensated by the reduc-~
tion in ultra-long waves, the net eddy activity shows only
a minor increase in the northern middle latitudes (Table 3),
Heat sources and sinks of planetary dimensions are very
1mportant for determining large-scale flow patterns (e.gz.,
Smagorinsky, 1953). Large-scale flow patterns are generally
dominated by the long planetary waves, The SST anomaly in
the first month probably cause a considerable change in the
distribution of large-scale heat sources and sinks., This
then produces a larger dynamical response in the ultra«iong
‘waves., However, the way that ultra-long waves respond to
SST anomalies 1s not so easy to anticipate, unlike the res-
ponses of the intermediate cyclone waves, which can be in-
ferred from baroclinic instablility theory.

In the secord month, as indicated in Table 3, the
responses in the northern middle latitudes are more apparent.
The anomaly causes eddy generation, GE » to reduce to zero
in the enomaly run, It alsc causes { K,,P,), (KgoK, )
and ¥ to change sign. The change of { X;,P, ) indicates

& dlrect energy cenversion replaced the normal indirect energy

conversion, The reduction in the strength of the uvpward
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branch of the Ferrel cell is responsible for this change
(Fig. 8A). The reversal in sign of .{ KE,KZ} indicates an
snomalous conversion from zonal to eddy kinetie energy.
These changes together with a reduction in K , P ,('PE,KE} ,
and ( Pz,PE ) clearly 1ndicate§ that the transient SST.anomaly
has a effect of reducing eddy activity in the northern middle
latitudes after a periocd of one month, The spectral analysis
reveals that the reduced eddy activity takes place at &all
wave numbers, with the major reduction in the longer waves
(Fig. 18). From Fig. 18 it can be seen that K(n}), P(n), and
C{n) (also eddy generation, G(n}, but not shown in the
figures) decrease over slmost all waves, with the dominant
réduction in the longer waves. In a barotropic atmosphere,
the unstable eddy receives its energy frdﬁ zonal kinetic
energy (e.g., Kuo, 1949; Brown, 1969). Fig. 18C illustrates :
the fact that the anomaly causes the eddy of wave number 2
to become less barotropically unstable, but causes the eddies
of wave number 1 and 3 to become more barotropically unstabie.
The reversal in sign of ( Kg,K, ) 1s due primarily to the
changes in wave numbter 1 and 3,

In the third month, as can be seen from Table 3,
G, » Gg , and (_PZ,PE ) in the northern middle latitudes are
reduced in the anomaly run, but Pp , Ky , and ( KE,KZ> are
increased by the transient Northern Pacific warm pool, The
anomaly also intensifies the indirect Perrel cell and causes

eidy pressure interaction to transport more energy cut of
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northern middle latitudes. During the third month, the eddy
activity is generally increased in the northern middle lati-
tudeg. In the wave-number domain, this increase takes'place
from n=2 to n=7 (Fig. 19). Fig. 19 illustrates an increase
of K(n), P(n), and C(n), and a decrease of M(n) at these
waves. .Among those waves, eddy conversions at wave number 2
and 6 are particularly increased in the anomaly run (Fig. 18D},
Also, all the waves were found to transfer kinetic energy to
zonal flow in the anomaly run, while zonal flow supplies
energy to eddies of wave number 1, 3, 5 and é in the control
run (Fig. 19C). This is why (KXg;,K,) 1is increased in the

anomaly run,

Y PFeante in +ha
L =) P A

The thirty-day mean energetics for each month of
the contreol and anomaly runs in the zonal section 2895 - 60°s
are shown in Table 4, Tﬁe thirty-day mean spectral distribu-
tions of ¥(n), P(n}), M(n), and C{n) for each month of the
control =snd anomaly runs in the same regibn are illustrated
in Pigs, 20, 21, and 22, The gross regional energetics both
in the spatial and wave-number domains show that the effects
in the southera middle lztitudes are very small during the
first month (Table &4, Fig, 20),

In the second month, the most noteworthy effects
of the transicnt SS5T anomaly in the southern middle latitudes
are the reversal in sizm of < PZ,PE> , and the larpe decreese

in Wg {Table %), The sromaly alzo increases the converzions
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Taple 4, Thirty-day mean energetics for each month of the
control and anomsly runs 1 the zomal section
28% - 60°S. The unit of energy content is 10"
Joules m'z and that of energy transformatlion is
102 watt m2. -
, Control Anomaly Control Anomalz' Control Anomaly
Month No. 1 1 2 2 3 3
Pz 209 226 286 305 250 259
PE 84 8O . 89 98 . 78 o 47
K, 153 .. 152 168 180 161 168
K. 73 72 88 94 - 85 57
6, 119 127 210 199 185 174
GE 53 46 31 13 35 ;28
W, 141 140 202 219 183 145
W =27 ~85 160 34 61 -116
(Kg, Py ) 101 91 95 138 149 163,
(PE,KE ), 665 6Ll 556. 573 628 561
{ z'PF ), 99 108 78 -38 129 87
< KE’Kz >

L7 Lé 36 59 51 82
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'< K,,P, > and ( KE,KZ> , and the eddy energies in the enomaly
run., Fig. 21 illustrates that ultra-long and intermediate
waves ere fairly disturbed by the SST ancmaly, The anomaly
aprears to increase particularly the eddy activity of wave
nunber 5, For example, K(5), P{(5), and C{5) ars markediy in-
creased; and M(5).markedly decreased in the anomaly run,
Although not shown in the figures, the eddy of wave number 5
was fournd to transfer more avallable pctential energy to
zonal In the anomaly run. This increzase contributes much
to the reversal in sign of ( PZ,PE > in the southern middle.
latitudes. |
In the third month, the most noteworthy responses
46 the anomely Ain the goutharn middle 2 hz re-
versal in sign of WE-aﬁd the large decrease in the eddy
energies (Table 4), The anomaly causes Wg in the anomaly
run to transport energy out of the southern middle latitudes
instead of importing energy into the southern middle lati-
tudes as in the control run, The conversicns ¢ PE,KE ) and
< PZ,PE > are alen decreased by the transient warm pool.
Flgs, 22A and 22B illustrate that eddy energies decrease
over all waves in the anomaly run. . The reduction of eddy
conversion also ocours cver most of the waves (Fip, 22D),
In the ancmaly run all waves in the southern middle lati-
tuvdes were found to be barotropically stable, while the eddy
¢f wave numbder 3 in the contrel run is not (Fig, 22C),

In penrneral, the usnalysis of the regional energecics



both in the spatial and wave-number domains show that the
middle latitudes of both hemispheres can indeed exhibit a

great response to a transient North Pacific SST anomaly.
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8. Conclusions and further remarks

Two aspects of the problem under investigation are
(1) the ability of the two-level Nintz-Arakawa model to simu-
late the atmospheric energetics, and (2) the possible effects
of a transient North Pacific SST anomaly on the energetics of
the atmosphere, For the first problem, the energetics of the
control run, which was designed to simulate normal climate,
were compared with the observations. For the second problem,
the energetice of the anomaly run, corregponding to a tran-
sient anomalous S53ST pattern, were compared with the control
run, |

Except in the tropics,_the two-level Mintz-Arakawa
model exhibits a reasonable and realistic energy budget.

‘Eér the. area north of ZOON,-except for the diabatic genera-
tion of eddy available potential enargy, the energy budgets
both in the gpatial and wave-number domzins show good agree-
ment belween the control rﬁ£ and the observations, 1In the
troplcs, the convective precipitation was found to have a
dominating influence on the model energetics,

One major defect of the model simulation is caused
by tre parameterization of convection, which produces too
ruch couvective precipitation in the tropics. The excessive
rainfall is accompanied by the release of too much latent
heat of condeusation, and hence maznifles the diabatic gensra-
tion of available potential enerpy in the troples. It also

increases the vertical veleclities which in turn intensify
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the conversion from available potential to kinetic energy.
These resulté furthér affect cther atmospheric energy processes
in the tfdpics.' Thus, improvement on the parameterization

of convection may bring the simulated tropical energetics
closer to the reality.

_ The analysis of the speqtral energy budget of the
control run for the area north of 20°N reveals that the
spectral components of eddy energies, P(n) and K(n), are
- generally smaller in the model than in nature, as are the
conversions from Pz to P(n), The coarse horizontel resolué
tion in the model might be responsible for these shortcomings,

The model was found to produce excessively high temperature

- precipltation in the tropies. This bring about a much larger
meridional temperature gradient in middle latitudes in the
model. Therefore, the fact that the conversions from P, to
P(n) are too small in the model implies that the eddies are
less effective in transporting sensible heét poleward,

In the SST ancmaly experiment, the imposed positive
anomalous pattern has two immedlate effects in the first month,
One is to augment the sensible heat transfer from sea to air
and tha evaporetion over the local anomaly region, This in
turn increases the releassed latent heat and hence increases
the diebatic generation of eddy available potential energy,
Gg. The other is to incresss the sea surface temperature

gradients, esp2cially on the northern side of the warm pool.
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This then-increases the baroclinic instability and eddy con-
version, C(n), around the intermediate 2cales, Since the
mean motion of the atmosphere is mainly parallel to the latl-
tude circles, and the cyclone paths are toward northeast,
these effects spread to the other parts of the northern
middle latitudes, These two effeqts further intensify other
eddy acéivities, e.g., K(n), P(h),,Q(n), and M(n), arcund the
intermediate scales in the northern middle latitudes (Fig. 17).

However, an unexpected result in the first month
is that the anomaly appears to cause & marked reduction in
the eddy activity of the ultra-long waveé, especlally wave
ﬁumber 2, in the northern middle latitudes (Fig. i?). Be-
cause most of the increase of eddy activity around ths
intermediate scales 1s compensated by the reduction in
ultra-long waves, the net eddy activity shows only a minor
increase in the northern middle latiltudes (Table 3).
Although the first month's gross regional energetiecs in the
spatial domain are slightly affected by the anbmaly (see
Tables 3 and &), the spectral energetics in the northern
middle latitudes appear to0 be considerably disturbed by the
SST anomaly.

In the second month, with the removal of the
anomalous SST pattern, the portion of the atmosphere above
the first month's warm pool tends to expefience a reduction

of surtace sensivle heatl exchunge and evepdratisn, This

reduces the condensation and hence decreases Gg,. It also
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decreases the vertical velocities, end this in turn reduces |
the eddy conversion < PE’KE:>‘ These effects further affect
other energetics and induce significantly large response

in the northern middle latitudes. As shown 1n Table 3, eddy
- energies, Pgp and KE , and the conversion <’PZ,PE > are also
reduced }n the ancmaly run, and the conversions ( KZ,PZ>» and
( Kg,€, ), and the eddy pressure interaction, Wp , in the
anomaly run are changed in sign as compared with the control
run, The reduction in ( PZ,PE'> end the weaker indirect cell
further imply that the poleward eddy transports of sensible
heat and momentum mey be reduced by the ahomaly. In general,
the transient SST enomaly causes a reduction in eddy-activity
in the northern middle latitudes., The reduced eddy sctivity
was found to take place at all wave numbers, with the major
reduction in the longer waves (Fig., 18).

The southern middle latitudes in the second month
are also considerably disturbed by the anomaly, e.g., &
reversal in sign of ( P,,Pg ), and an increase in ( KZ,PZ> ’
(Kg, X, s Py, and K (Table 4). Longer waves are fairly
disturbed by transient warm pool, especially wave number 5
showing a marked increase in eddy activity (Fig., 21).

The global energetics in the third month are still
falrly disturbed by the transient S3T anomaly, According to
Tables 3 and 4 and Pigs. 19 and 22, the eddy activity gen~

erally ivicreases in northern middle latltudes btut decreases

in southern middle latitudes, and the variations of eddy
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activities take place primarily in-the longer waves,

The third month's tropical energetics were found
to be severely distorted in the ancmaly run compared with
the control run (Figs. 5, 6, 12 = 16). This is due primarily
to the extremely larpe reduction of precipitation at 293,

Due to ;he unsatisfactory parameterization of convection in
the model, this tropical effect 1s not considered as a true
reflection of naturs, but rather as a computational artifact
caused by a model defect, In order to simulate more reliably
the effects of SST anomalies in the tropiscs, an improvement

in thes treatmemnt of convection is badly ﬁeeded. (Note that
this improvement was included in Arakawa (1972) 3-layer model,
and nas been retained in GISS 9-layer model (Somerviile et al.,
- 1974) ).

Although the anomalous SST pattern persists for
only one month, the results indicate that the transient SST
variations of reasonable magnitude in the North Pacific Ocean
can induce a disturbing effect on the global energetics both
in the spatial and wave-number domains, This implies that
modest variationg in the sea surface temperature may cause a
significant change in the monthly or seasonal synoptic patterns
over the whole earth, and that a preclise knowledge of the
time-dependent ses surfsce temperature field may be important
for the long-range weather prediction. It remains to be seen
whether thié is a proverty cnly of the mcdel, or if it is

indezd 3 true raflectlon of nature,
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